Cultures of carrot (Daucus carota L.) in a medium without added 2,4-dichlorophenoxyacetic acid were separated into fractions of embryos at different stages of development (large globular and heart, torpedo, and germinating) and nonembryogenic cells. The average starch content per cell in these fractions was similar. However, due to the smaller sizes of the cells of the embryos relative to the nonembryogenic cells, starch content per weight of tissue was higher in the embryos. The ADP-glucose pyrophosphorylase activity per cell in the nonembryogenic cells was double that of the embryo cells. Furthermore, the ratio of ADP-glucose pyrophosphorylase to starch was over 2-fold higher in the nonembryogenic cells, indicating that starch content is not simply determined by ADPglucose pyrophosphorylase levels. ADP-glucose pyrophosphorylase activity of all culture fractions was directly proportional to the level of a single 50 kilodalton polypeptide detected by immunoblot analysis, using antiserum raised to the purified spinach leaf enzyme. In the same immunoblot analysis, novel polypeptides of 63 and 100 kilodalton were detected in embryos but were absent from nonembryogenic cells. This is one of the few reported examples of specific proteins which differentially accumulate in embryos and nonembryogenic cells.
One of the possible expressions of the totipotent character of plant cells is their ability to regenerate into whole plants via somatic embryogenesis. This phenomenon has been described for a wide variety of plant cell cultures and is primarily controlled by the presence or absence of an exogenous auxin (8, 9, 20, 21) . When the auxin is present at levels optimal for growth, the cells proliferate randomly but do not develop into embryos. Removal of the auxin induces many cells (embryogenic cell clusters) to undergo organized growth and differentiation which leads to the formation of embryos. Other cells (nonembryogenic cells) in culture do not form embryos, but rather continue to proliferate as nonorganized cells. Somatic embryogenesis has been best described for carrot (8-10, 13, 16, 20-22, 26) . Morphologically, somatic embryo development proceeds in a series of identifiable stages which closely parallel those of zygotic embryogenesis (3, 8, 20, 21) . The stages and their order of development are: globular embryos, heart embryos, torpedo embryos, and germinating embryos. Even though somatic embryo development proceeds in a manner similar to zygotic embryo development, the development of the cultures does not proceed synchronously. Consequently, a particular culture after induction may contain embryos at many stages of development plus nonembryogenic cells (6, 8, 31) .
Several investigators have reported histological observations 451 that plant cells about to undergo such developmental processes as in vitro organogenesis (27) , zygotic embryogenesis (9) , and somatic embryogenesis (8) have elevated starch levels. The possible role of starch in these processes is not clear, but it has been suggested that it may function as an energy source or as an osmotic agent essential for development (27) . Regardless of its function, starch is a characteristic feature of cells involved in these developmental processes. Considerable evidence indicates that ADP-glucose pyrophosphorylase is the rate-limiting enzyme of starch biosynthesis for photosynthetic tissues (17, 18 and references therein, 25) . Studies with several nonphotosynthetic tissues are also consistent with ADP-glucose pyrophosphorylase also being the rate-limiting enzyme in these tissues (17, 18, 24) .
Studies of carbohydrate metabolism, or any metabolic event, in meristematic tissue are particularly difficult because of an inability to obtain sufficient homogeneous quantities of meristematic material. Thus, in most cases, after some initial histological observations that starch accumulation was correlated closely with embryogenesis, few further studies were conducted. With the advent of in situ techniques and with the development of a few tissue culture systems, such as the one described herein, which allow a homogeneous, stage-specific fractionation of cell cultures, it is now possible to study in more detail the relationship between carbohydrate metabolism and morphogenetic events (2, 5, 6, 16, 28, 31 (14) containing 0.5 mg/L of 2,4-D. Embryogenic carrot callus was selected and inoculated into liquid medium identical to the above but without agar. Carrot suspension cultures were maintained in this medium (maintenance medium) and were induced to form embryos by transfer to an identical medium but without 2,4-D (inductive medium). Cells in maintenance medium were subcultured weekly during their log phase of growth at an inoculation density of 4 mg fresh weight cells/ml medium. Cultures were inoculated into inductive medium at a density of 0.5 mg fresh weight cells/ml medium. All cultures were grown in 2.8 L Fernbach flasks containing 500 ml of medium at 25°C on a rotary shaker at 100 rpm.
Fractionation of Cell Cultures. Embryos at specific developmental stages as well as nonembryogenic cells were obtained from induced cultures by size fractionation and Ficoll density gradient centrifugation as follows. Two weeks after transfer to inductive medium, the culture was consecutively passed through screens of 1910, 520, and 190 ,um mesh size. The embryos retained by the screens were at germinating, torpedo, and heart to large globular stages, respectively (Fig. 1) (19) . Absorbance was measured at 450 nm after incubation at 37°C for 30 min. Five standards of known glucose concentration were assayed with each set of samples.
To assess the efficiency of starch hydrolysis by glucoamylase, commercially purified starch and soluble starch (10-20 mg) were gelatinized and digested in the same manner as the tissue samples. In addition, the glucoamylase and all starch samples (after gelatinization) were assayed for glucose contamination; glucose contamination was not detectable in any of the samples.
Preparation of Plant Cell Extracts. Plant samples were frozen in liquid N2, ground to a powder, and homogenized with Tris buffer (1:3 w/v) and centrifuged 2 min at 5OOg through Sephadex G-25 at a bed volume of 10 g Sephadex/2 ml crude extract equilibrated with Tris buffer minus PVP to remove low mol wt molecules (15, 29) . Under these conditions, protein recovery was 90 to 100%. to determine the efficiency of the removal of low mol wt molecules ['4C]sucrose was added to the crude extract; passage through the Sephadex-G25 removed >95% of this. The eluent was either assayed immediately or aliquoted and stored in liquid N,.
ADP-Glucose Pyrophosphorylase Assay. The assay was similar to that previously described by Sowokinos (23) . Enzyme activity was determined spectrophotometrically by coupling the formation of an ADP-glucose pyrophosphorylase product, glucose 1-P, to phosphoglucomutase and glucose 6-P A stock solution of DAPI (1 mg/100 ml water) was prepared and stored at 4°C. Buffered DAPI solution was used at a final concentration of 100 ng/ml in 10 mm Tris-HCl (pH 7.0), 10 mM EDTA, and 0.1 M NaCl. A stock solution of calf thymus DNA (25.3 ,ug/ml buffer, as described above) was used as the internal standard.
Immunoblotting. The ADP-glucose pyrophosphorylase polypeptide was analyzed in extracts with antiserum to the spinach leaf ADP-glucose pyrophosphorylase by an immunoblotting technique. Plant cell extracts containing equal amounts of ADPglucose pyrophosphorylase activity (2 mU) were subjected to discontinuous SDS-PAGE in 10% (w/v) acrylamide, 0.13% (w/v) bisacrylamide slab gels (12) . The fractionated proteins were transferred from the gel onto nitrocellulose electrophoretically essentially as described by Towbin et al. (29) . The transfer was carried out in 16 mM Tris, 120 mM glycine, 20% (v/v) methanol at 40 V for 16 h followed by 70 V for 3 h. To judge the consistency of transfer, each gel was stained with Coomassive blue after transfer. The nitrocellulose with transferred proteins bound to it was incubated for 1.5 h at 37°C in a solution of 5% (w/v) BSA, 10 mM Tris-HCl (pH 7.4), and 0.9% (w/v) NaCl in order to block any nonspecific protein-binding sites. The nitrocellulose was then incubated in the above buffer containing antiserum (1:150 dilution) to ADP-glucose pyrophosphorylase. As this antiserum appeared to also contain antibodies which cross-reacted with RuBP carboxylase, it was preincubated (4°C for 1.5 h) with 160 ,ug of purified RuBP carboxylase from amaranth in order to eliminate any cross-reactivity with this enzyme. The nitrocellulose was then washed with 10 mm Tris-HCl (pH 7.4) plus 0.9% (w/v) NaCl for 15 min at room temperature, and finally incubated with 125I-protein A (30) for 30 min at 37°C; unbound protein A was removed by washing the nitrocellulose once with 10 mM Tris-HCI (pH 7.4) plus 0.9% (w/v) NaCl and twice with the identical buffer plus 0.05% (v/v) NP-40. The dried nitrocellulose sheet was exposed to Kodak XAR film at -70°C using an Optex (MCI Optonix, Inc.) intensifying screen.
RESULTS
Dry Weight, Fresh Weight, Protein, and DNA Contents. The gross biochemical properties of the carrot culture fractions from medium without 2,4-D are presented in Table I . These are expressed on a per DNA basis. DNA content per cell has been estimated to be constant in cultures of carrot cells in medium without 2,4-D (13). Furthermore, the mitotic index does not vary significantly in such cells (22) . Therefore, expression of the biochemical parameters on the basis of DNA is roughly equivalent to expressing them on a cell basis.
The nonembryogenic cells had a 13-fold greater fresh weight I Abbreviations: DAPI, 4',6'-diamino-2-phenylindole; RuBP, ribulose bisphosphate; NP-40, Nonidet P-40; PAS, paraaminoschiffs reagent; LSU, large subunit. and a 15-fold greater dry weight than cells in the embryos. This is consistent with the microscopic observation that nonembryogenic cells are much larger than the cells of embryos. Although the mass of the nonembryogenic cells was more than 10 times higher than that of the cells in the embryos, the protein content of the nonembryogenic cells was only 2-to 3-fold higher than the cells of the embryos. These data are consistent with the presence of a large vacuole (observed microscopically after Neutral Red staining) with low protein content in the nonembryogenic cells.
During the development of the embryos from the globular to the germinating stages, the cell dry and fresh weights increased approximately 50%. Associated with this increase in cell mass was a proportional increase in protein content.
Starch Contents. Starch content of nonembryogenic cells and embryos was determined as free glucose following digestion of the starch with glucoamylase. The commercial preparations of starch and soluble starch, used as controls with each determination, were hydrolyzed by glucoamylase to 85 + 5% of completion.
Starch accounted for only 0.2% of the dry weight of the nonembryogenic cells (Table II) . In contrast, embryos from the same culture contained approximately 15-fold higher levels of starch (3-4% of dry weight). This trend was also apparent when the starch content was compared to the protein content of the fractions. The embryo fractions contained approximately 2 times more starch than nonembryogenic cells. However, when starch content was expressed on a per cell basis (mg starch/mg DNA), the mean starch accumulation of the cells of the embryos was similar to the nonembryogenic cells.
ADP-Glucose Pyrophosphorylase Activities. Since ADP-glucose pyrophosphorylase may catalyse the rate-limiting reaction in the biosynthesis of starch (17, 18, 24, 25) , we analyzed its activity in extracts from the carrot culture fractions. To determine the activity of the enzyme we utilized an assay which measures continuously the appearance of glucose 1-P from ADP-glucose and pyrophosphate. The assay conditions were optimized wtih respect to substrate concentrations, pH, and enzyme content. All assays were linear with respect to time. ADP-glucose pyrophosphorylase activity in extracts of carrot culture cells was found to have a pH optimum of 8.0. The Kms for ADP-glucose and pyrophosphate were both 1 mm. These kinetic properties were similar to those of the purified enzyme from carrot root and other nonphotosynthetic tissues (17, 18. 23, 24) . Glycerate 3-P at 0.3 to 0.8 mm was found to fully activate the enzyme (3-to 5-fold); in contrast, the enzyme from other nonphotosynthetic tissues requires 2 to 10 mm glycerate 3-P for maximal activation (20-to 30-fold) (17, 18, 23, 24) . Further characterization of the purified carrot cell culture enzyme could provide interesting data as to the allosteric properties of this enzyme.
Throughout embryo development from the large globular to the germinating stages, ADP-glucose pyrophosphorylase activity was similar on all bases of comparisons used (Table III) . Comparison between embryos and nonembryogenic cells indicated that the activity of the enzyme per mg protein was similar in these fractions. However, on a per dry weight basis, the embryos showed 6-to 8-fold higher activity of this enzyme, while per cell (DNA) and per starch content the embryos showed approximately 2-fold lower activity.
Western Immunoblot Analysis. In order to investigate the subunit composition and relative level of ADP-glucose pyrophosphorylase. crude extracts from carrot leaves and culture fractions were subjected to an immunoblot analysis utilizing antiserum to ADP-glucose pyrophosphorylase purified from spinach leaves (from Dr. J. Preiss).
Initially, our results (data not shown) revealed two immunoreactive polypeptides (53 and 50 kD) in extracts from carrot leaf. The 53 kD polypeptide coincided with the LSU of RuBP carboxylase when analyzed with antiserum to RuBP carboxylase purified from amaranth. This indicated that the antiserum to ADP-glucose pyrophosphorylase also contained antibodies which cross-reacted with RuBP carboxylase, in agreement with recent findings (18) . Subsequently, we routinely preincubated all antiserum to ADP-glucose pyrophosphorylase with purified RuBP carboxylase; this virtually eliminated the detection of the 53 kD immunoreactive band from the carrot leaf extracts. Furthermore, to ensure that the immunoblot analysis could be used to quantitate the relative levels of ADP-glucose pyrophosphorylase enzyme, we conducted experiments in which varying amounts of ADP-glucose pyrophosphorylase activity (0.2-6 mU) were analyzed. A linear correlation was found between the amount of ADP-glucose pyrophosphorylase activity analyzed and the intensity of the 50 kD cross-reacting polypeptide (data not shown). Figure 2 represents the result of an immunoblot analysis in which equal amounts of ADP-glucose pyrophosphorylase activity (2 mU) were analyzed from carrot leaf. nonembrvogenic carrot cells, and the three carrot embryo fractions. The antiserum (preincubated with RuBP carboxylase) reacted with a 50 kD polypeptide in all the extracts. The relative intensity of this 50 kD polypeptide was similar for all carrot culture fractions analyzed; the 50 kD polypeptide from the carrot leaf extract displayed an intensity about 3-fold greater than that of the carrot culture fractions. Surprisingly, the embryo fractions also displayed a 100 kD immunoreactive polypeptide with similar intensities in all fractions, and a 63 kD immunoreactive polypeptide which was most prevalent in the germinating embryo fraction. The immunospecificity of these polypeptides was confirmed by the use of preimmune serum in a parallel analysis, in which case no polypeptides were detected. The activity of ADP-glucose pyrophosphorylase on a dry weight basis was about 6-fold higher in the embryos than in the nonembryogenic cells, due to the higher dry weight of the nonembryogenic cells. When compared on a per cell basis, ADP-glucose pyrophosphorylase activity was actually 2-to 3-fold higher in the nonembryogenic cells. The specific activity of ADP-glucose pyrophosphorylase (the enzyme activity compared to total protein) was similar in embryos and nonembryogenic cells. Thus, there was no evidence for a specific induction of the expression of ADP-glucose pyrophosphorylase in the embryos.
DISCUSSION
A comparison of the ADP-glucose pyrophosphorylase activity and starch content indicated an inverse correlation between enzyme activity and starch content. That is, the ratio of ADPglucose pyrophosphorylase to starch was over 2-fold greater in the nonembryogenic cells than in the embryos. Assuming ADPglucose pyrophosphorylase catalyzes the rate-limiting reaction in starch biosynthesis, its in vitro activity measured under optimal conditions represents the maximal starch biosynthetic capacity of these cells. The lack of correlation between ADP-glucose pyrophosphorylase activity and starch content may, therefore, imply that starch levels are determined not only by starch biosynthetic capacity but by other factor(s). These may include starch degradation and/or the in vivo regulation of the ADP-glucose pyrophosphorylase activity through allosteric effectors (e.g. Pi and glycerate 3-P), availability of substrate and other kinetic factors.
The subunit composition of ADP-glucose pyrophosphorylase was investigated in carrot leaves and culture fractions by an immunoblotting technique, using antiserum directed against this enzyme purified from spinach leaves. We found, as has been reported (18) , that this antiserum contained antibodies which recognized epitopes on RuBP carboxylase. To eliminate the detection of RuBP carboxylase, the antiserum was routinely preincubated with purified RuBP carboxylase. Under these conditions, immunoblot analysis of carrot leaf extracts showed that antiserum to ADP-glucose pyrophosphorylase cross-reacted with a single 50 kD polypeptide. The simplest explanation for these data is that in the carrot leaf ADP-glucose pyrophosphorylase is composed of a single-sized subunit of 50 kD. However, it is also possible that a second polypeptide of slightly greater mol wt was present in the leaf tissue, but was obscured in the Western analysis by the high levels of RuBP carhoxylase large subunit in this tissue. The 50 kD cross-reacting band was also present in the carrot culture fractions. We interpret the 50 kD polypeptide as being the ADP-glucose pyrophosphorylase subunit.
The subunit composition of ADP-glucose pyrophosphorylase has been extensively studied in a number of plant tissues. As we found in carrots, ADP-glucose pyrophosphorylase is composed of a single subunit of similar size in the endosperm of maize (11, 17) , rice (11) , wheat (11) , and potato tubers (23, 24) . However, in leaf tissues of spinach, maize, rice, and wheat this enzyme appears to be composed of two distinct polypeptides of approximately 55 and 51 kD (11, 18) . species (11, 18) .
Developmental processes such as seed development, leaf development, and the differentiation of CA photosynthetic leaf tissues (mesophyll and bundle sheath) are often marked, and in fact are probably determined, by changes in gene expression, leading to the accumulation of different sets of polypeptides at
